We characterized the pH effect on the hole transport through a photosensitizer-tethered DNA duplex possessing a partial triplex-forming region by measurement of photocurrent response of a DNA system immobilized on a gold electrode. 
Introduction
Hole transport in DNA is a remarkable characteristic of double helical DNA. 1 Since the phenomenon was firstly reported, a large number of studies have illustrated that the efficiency of DNA-mediated hole transport reaction is strongly dependent on the DNA base sequence, conformational dynamics and local flexibility.
1a,d These reaction characteristics may provide a fundamental basis for possible applications of the hole transport to a gene analysis of mutation and a molecular wire in the electronic nano-devices.
2, 3
A pH change is among the potential external triggers for regulation of various functions of biosystems such as biosensors, supramolecules and drugs. 4 DNA triplex may be a pH-responsive nano-material, in which an oligopyrimidine as the third strand associates with the corresponding DNA duplex via Hoogsteen hydrogen bonding under acidic conditions, but dissociates to form the original duplex under basic conditions. 5 Recently, we have displayed the effect of a partial triplex formation on the hole transport in the DNA duplexes by electrochemical measurements. 6 Anthraquinone (AQ)-photosensitized hole transport through DNA was substantially arrested by triplex formation in contrast to the efficient hole transport in the DNA duplexes. 7 In this context, change in pH value may be a sensitive tool for regulation of hole transport in 5 the DNA duplex by pH-dependent triplex formation and dissociation.
In this study, we measured the photocurrent response of a DNA system, in which the DNA duplex-triplex equilibrium in the presence of an oligopyrimidine short strand was regulated with varying pH values, in order to characterize the pH effect on the hole transport through a DNA duplex. The photocurrent response of an anthraquinone (AQ) photosensitizer-tethered DNA duplex possessing a partial triplex region revealed that the hole transport was effectively suppressed by the triplex formation under acidic conditions (pH 5.5), while being recovered under basic conditions (pH 7.7) favoring dissociation of the triplex to a duplex. Furthermore, cyclic alternation of pH values between 5.5 and 7.7, which induced reversible triplex-duplex conversions, resulted in a fall-rise photocurrent responses. These results indicate that the pH change can regulate the photoinduced hole transport. In a long-range photo-oxidative DNA cleavage experiment, we also confirmed pH-dependent suppression of the hole transport by a partial triplex formation.
( Fig. 1) 
Results and Discussion
Oligodeoxynucleotides (ODNs) listed in Figure 1 were prepared for evaluation of several properties. The melting behavior of Triplex I (ODN 1/ ODN 2/ ODN 3) was measured by UV spectroscopy in a buffer solution (10 mM sodium cacodylate, 2 mM
MgCl 2 ) at a given pH value to confirm the triplex formation. The melting curve of Triplex I at pH 5.5 showed two transitions at temperatures of T m = 29.5 and 67.1 o C, as is a typical behavior of the system involving triplex formation of the duplex with a short strand of oligonucleotide (see Figure S1a) . Thus, the transition at lower T m is assigned to the dissociation of ODN 3 from Triplex I, and the higher T m corresponds to melting of the resulting duplex into single strands. On the other hand, the lower transition was disappeared in the melting curve of Triplex I at pH 7.7, indicating that ODN 3 spontaneously dissociated from the triplex under weakly basic conditions. These melting characteristics of Triplex I suggest that the triplex formation could be regulated by alternating pH values between 5.5 and 7.7.
We also measured photocurrent responses due to AQ-photosensitized hole transport in Triplex I immobilized on a gold electrode. 8 The DNA-immobilized gold electrodes (2 mm 2 in area) were prepared by immersing in a thiolated ODN 1 solution,
followed by exposure to 1 mM mercaptohexanol to minimize nonspecific adsorption of 7 DNA. 9 The AQ-incorporated ODN 2 and the third strand ODN 3 were then hybridized with the ODN 1 immobilized on the electrode to give electrodes modified with Triplex I ((1.49 ± 0.18) × 10 13 DNA cm -2 ). 10 The photocurrent measurements were carried out using 365 ± 5 nm light at a power density of 13.0 ± 0.3 mW cm -2 with an applied potential of 500 mV versus SCE. A stable cathodic current appeared immediately upon photoirradiation. As shown in Figure 2a , photocurrent density (current per electrode area) of Triplex I at pH 5.5, where a typical triplex was formed, was 180.0 ± 8.9 nA cm -2 . Upon increasing pH value from 5.5 to 7.7, the photocurrent density was enhanced to a substantial extent up to a 1.6-fold increase (280.8 ± 21.9 nA cm -2 ). When Triplex I was re-exposed to solution at pH 5.5 from pH 7.7, the photocurrent density decreased to the original level. This reversible alternation of photocurrent density was synchronized with the cyclic pH change in solution between 5.5 and 7.7. In view of the melting characteristics of Triplex I, these results indicate that the hole transport through DNA duplex was effectively altered in the presence of a partial triplex region formed under acidic conditions, but was recovered as a result of dissociation of the short strand ODN 3 from the triplex into the original duplex under basic conditions. 11 To confirm the effect of partial triplex formation on the hole transport, the control experiments with a duplex (Duplex I, ODN 1/ ODN 2)-modified gold electrode were further performed to 8 measure the photocurrents at a given pH. As shown in Figure 2b , while all photocurrent densities of Duplex I were similar to those of Triplex I observed at pH 7.7, the changes in photocurrent response upon cyclic pH alternation were small. 12 These results strongly suggest that partial triplex formation, as can be regulated by pH value, is responsible for the pH-dependent change in photocurrent density. It is also clear from Figure 
Conclusions
In summary, we characterized the pH effect on the hole transport through an AQ-linked DNA duplex possessing a partial triplex-forming region. The photocurrent responses due to the hole transport through DNA duplex immobilized on a gold electrode was clearly decreased under acidic conditions, where formation of a partial triplex structure occurred to effectively suppress the hole transport. Under basic conditions, on the other hand, the triplex dissociated into the corresponding duplex and a short strand to enhance the hole transport and thereby photocurrent response.
Additionally, we confirmed that the photocurrent characteristics can be correlated to the long-range photo-oxidative DNA cleavage results, which showed that the DNA 11 cleavages at the hole trapping sites beyond the triplex-forming region was efficiently suppressed by partial triplex formation under acidic conditions. This property of DNA triplexes would provide a useful functionality of on/off regulation of the hole transport upon cyclic alternation of pH values. Such a regulation method will facilitate a possible application of DNA duplexes to potential nano-scale devices.
Experimental
Material. Modified oligodeoxynucleotide (ODN 1, ODN 2 and ODN 5) were synthesized by the previously reported method. 6, 8, 14 In the measurement of photocurrent with amperometry, the reagents for DNA synthesis were purchased from Glen Research.
ODNs, T4 polynucleotide kinase, and γ-[ 32 P]-ATP (10 mCi/ml) were used as received from Invitrogen, NIPPON GENE (10 unites/μL), and Amersham Bioscience, respectively. All aqueous solutions were prepared using purified water (YAMATO, WR600A).
Instrumentation. UV absortion spectra were recorded on a Jasco V-530.
Photoirradiation at 365 nm for DNA cleavage experiment was carried out using a 
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The spontaneous dissociation of Triplex II into the corresponding Duplex II at pH 6.8 was confirmed by the measurements of thermal denaturation profiles ( Figure S1 ). The melting curve of Triplex II at pH 6.8 showed only single transition, which is assigned to dissociation of duplex (i.e. Duplex II) into single strands, while two transitions as in the typical behavior of triplex were observed at pH 5.5.
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We also confirmed the recovery of hole transport efficiency in DNA by increasing pH value in the long-range photo-oxidative DNA cleavage experiments. Thus, the cleavage at G 7 G 8 in Triplex II was enhanced by increasing pH value from 5.5 to 6.8. (See, Figure S2 ). 
